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Abstract 

A search is conducted for hadronic three-body decays of a new massive coloured particle in ^ = 
7 TeV pp collisions at the LHC using an integrated luminosity of 4.6 fb^ collected by the ATLAS 
detector. Supersymmetric gluino pair production in the context of a model with i?-parity violation is 
used as a benchmark scenario. The analysis is divided into two search channels, each optimised 
separately for their sensitivity to high-mass and low-mass gluino production. The first search channel 
uses a stringent selection on the transverse momentum of the six leading jets and is performed as a 
counting experiment. The second search channel focuses on low-mass gluinos produced with a large 
boost. Large-radius jets are selected and the invariant mass of each of the two leading jets is used 
as a discriminant between the signal and the background. The results are found to be consistent with 
Standard Model expectations and limits are set on the allowed gluino mass. 
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1 Introduction 



Supersymmetry (SUSY) [1-9] is a theoretical extension of the Standard Model (SM), where 
a new symmetry relates fermions and bosons. SUSY has the potential to solve the hierarchy 
problem [10-15] and to provide a dark matter candidate [16, 17]. As a result of the latter 
possibility, most searches for SUSY focus on scenarios such as the "minimal" supersymmet- 
ric extension of the Standard Model (MSSM) in which i?-parity is conserved [18-21]. In 
R-parity-conserving (RFC) models, SUSY particles must be produced in pairs and must 
decay in a sequence which ends with the lightest stable supersymmetric particle (LSP). 
However, with strong constraints now placed on standard RFC SUSY scenarios by the 
LHC experiments, it is important to ensure a broad scope for the SUSY search program. 

In i?-parity-violating (RFV) models, many of the constraints placed on the MSSM in 
terms of the allowed parameter space of the masses of the SUSY partners of the gluons and 
quarks, the gluinos (g) and squarks (q), are relaxed. The reduced sensitivity of standard 
SUSY searches to RFV scenarios is primarily due to the high missing transverse momentum 
requirements used in the event selection. These choices are motivated by the assumed 
presence of an undetected LSF and strongly reduce SM background contributions. For 
RFV SUSY, different approaches must be used depending on the targeted scenarios. 

In this paper, a search is presented for fully hadronic final states involving massive 
particle decays to three jets. An RFV SUSY model in which pair produced gluinos each 
decay to three jets via an off-shell squark {g ^ qq ^ qqq with rriq » rrig) is used as 
a benchmark physics model. Two complementary methods are used to distinguish the 
signal from the SM multijet background, both using 4.6 it 0.2 fb~^ of data collected at 
-y/s = 7 TeV. The first (resolved) analysis channel resolves all six jets in order to search for 
an excess in the jet multiplicity spectrum. Whereas the pair production of very massive 
gluinos tends to produce final states with six well-separated jets, event signatures from 
the low and intermediate mass range is considerably more difficult to identify. The second 
(boosted) analysis channel exploits the collimation of the decay products that is expected 
when the gluinos are boosted. Gluinos produced with a large momentum relative to their 
mass may therefore result in overlapping jets from each of the three quarks. In this case, a 
large-radius jet algorithm is used to capture the three-body decay products in a single jet. 
The mass of such jets, as well as properties of their internal structure that are characteristic 
of the presence of a massive boosted object, provide discrimination against the SM multijet 
background. This approach not only serves as a cross-check of the resolved method, but 
also provides an orthogonal search channel with a nearly independent set of systematic 
uncertainties and represents the first such application of jet substructure techniques in the 
search for SUSY at the LHC. 

Other searches for such final states have been conducted by the CDF [22] and the 
CMS [23, 24] collaborations. The CMS results use a nearly identical signal model to 
that considered here and report limits which restrict the allowed ranges of gluino masses to 
144 <mg < 200 GeV or rrig > 480 GeV, using approximately 5 fb"^ of data at ^ = 7 TeV. 

This paper is organised as follows. Section 2 describes the ATLAS detector and the 
data samples used to conduct the search. Section 3 describes the simulated samples used 
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for the signal and background studies. Section 4 and section 5 present the details of the 
event selection, background estimations, and systematic uncertainties used in the resolved 
and boosted analysis techniques, respectively. The final combined results and exclusion 
limits on the RPV gluino model tested are shown in section 6. 

2 The ATLAS detector and data samples 

The ATLAS detector [25, 26] provides nearly full solid angle coverage around the collision 
point with an inner tracking system covering \r]\ < 2.5^, electromagnetic and hadronic 
calorimeters covering \r]\ < 4.9, and a muon spectrometer covering \r]\ < 2.7. For this 
analysis the most relevant ATLAS subsystems are the barrel and end-cap calorimeters [27, 
28] and the trigger system [29]. 

The calorimeter comprises multiple subdetectors with several different designs, span- 
ning the pseudorapidity range up to \r]\ = 4.9. The measurements presented here are 
predominantly performed using data from the central calorimeters that consist of the Liq- 
uid Argon (LAr) barrel electromagnetic calorimeter {\rj\ < 1.475) and the Tile hadronic 
calorimeter {\ri\ < 1.7). Three additional calorimeter subsystems are located in the forward 
regions of the detector: the LAr electromagnetic end-cap calorimeters (1.375 < \7]\ < 3.2), 
the LAr hadronic end-cap calorimeter (1.5 < \ri\ < 3.2), and the forward calorimeter that 
features separate EM and hadronic compartments (3.1 < \ri\ < 4.9). As described below, 
jets are required to have \r]\ < 2.8 such that they are fully contained within the barrel and 
end-cap calorimeter systems. 

The precision and accuracy of energy measurements [30] made by the calorimeter 
system are integral to this analysis. Electrons and muons produced in test-beams are 
used to establish the baseline electromagnetic (EM) energy scale of the LAr and Tile 
calorimeters [31-36]. The response to pions was also measured using test-beams and is used 
to validate the detector simulation model for both the EM and hadronic calorimeters [36- 
43] . Further in situ measurements using cosmic-ray muons are used to validate the hadronic 
calorimeter's energy scale in the experimental hall [28]. The invariant mass of the Z 
boson in Z — 7- ee events measured in situ is used to adjust the calibration for the EM 
calorimeters [44]. 

The jets used for this analysis are found and reconstructed using the anti-A:t algo- 
rithm [45, 46] with a radius parameter R = 0.4. To construct the input to the calorimeter 
jet finding, a local cluster weighting calibration method [47] first clusters together topo- 
logically connected calorimeter cells and classifies these so-called "topo-clusters" as either 
electromagnetic or hadronic. Based on this classification, energy corrections are applied 
that are derived from single-pion simulations. Dedicated hadronic corrections are deter- 
mined for the effects of non-compensation, signal losses due to noise-suppression threshold 

^ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The i-axis points from the IP to the centre 
of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, <j!>) are used in the transverse 
plane, <j) being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the 
polar angle 8 as rj — — lntan(6/2). 
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effects, and energy lost in non-instrumented regions. The final jet energy calibration is de- 
rived as a correction relating the calorimeter's response to the true jet energy based upon 
simulation [30]. 

Dedicated trigger and data acquisition systems are responsible for the online event 
selection, which is performed in three stages: Level 1, Level 2, and the Event Filter. The 
measurements presented in this paper use single-jet and multijet triggers which, for the 
analysis selections used, are more than 99% efficient. Li particular, the multijet triggers 
implemented at the Event Filter level have access to the full detector granularity, which 
allows selection of multijet events with high efficiency. 

Data from the entire 2011 ATLAS data-taking period is used. All data are required to 
have met baseline quality criteria and were taken during periods in which the detector op- 
erated without problems. Data quality criteria reject events with significant contamination 
from detector noise or issues in the read-out and are based upon individual assessments 
for each subdetector. After removing these events the remaining data corresponds to ap- 
proximately 4.6 lb 0.2 fb~^ of integrated luminosity [48, 49]. Multiple proton-proton (pp) 
collisions, or pile-up, result in several reconstructed primary vertices per event. The hard 
scattering vertex is selected by choosing the vertex with the maximum sum of the squared 
track transverse momenta, Y^iPj^^'^^)^ , from vertices that have at least two tracks with 
ptrack > 0.4 GeV. 

3 Monte Carlo samples 

Monte Carlo (MC) events are used to model the signal efficiency, to optimise the event selec- 
tion requirements and to aid in the description of the SM backgrounds. Signal MC samples, 
consisting of pair-produced gluinos, each decaying to three quarks via an off-shell squark, 
are generated using MadGraph 5 version 1.3.33 [50, 51] with the RPVMSSM [52] model used 
to perform the matrix element calculations. In this paper we choose to probe couplings 
that will produce a fuUy-hadronic final state. Therefore, the parameters that allow gluinos 
to decay into top quarks are set to be zero. We further set the couplings to values such 
that the gluinos decay with a negligible lifetime. The resulting parton-level events are 
interfaced to PYTHIA 8.160 [53] for showering, hadronisation, and underlying event (UE) 
simulation. Signal cross-sections are calculated to next-to-leading order (NLO) precision 
in the strong coupling constant, adding the resummation of soft gluon emission at next-to- 
leading-logarithmic accuracy (NLL) [54-58] accuracy. The nominal cross-section and the 
uncertainty are taken from an envelope of cross-section predictions using different parton 
distribution function (PDF) sets and factorisation and renormalisation scales [59]. The 
following mass points are used to evaluate the sensitivity: rrig = 100, 200, 300, 400, 500, 600 
and 800 GeV. In this paper, all superpartners except for the gluinos are set to have a mass 
of 5 TeV, corresponding to a model with decoupled squarks. In models with squark masses 
that are much smaller than this, the kinematics of the signal depend on the properties of 
the squarks in the cascade decays. It should be noted that some reinterpretation would be 
needed to apply the results of this paper to such cases. 



- 4 - 



Dijet and multijet events are simulated in order to study the background SM contri- 
butions and background estimation techniques. Both a leading-order (LO) matrix element 
(ME) MC (PYTHIA) and a NLO ME generator (POWHEG) are used. For the resolved anal- 
ysis channel, PYTHIA 6.425 [60] is used with the AUET2B tune [61, 62]. For the boosted 
analysis channel, POWHEG 1.0 [63, 64] (patch 4) is used and is interfaced to PYTHIA 6.425 for 
the parton shower, hadronisation, and UE models. Studies of jet substructure and boosted 
objects have shown that POWHEG+PYTHIA provides a better detector-level description of the 
internal structure of high-px jets [65]. Comparisons of the boosted topology are also made 
to the same PYTHIA 6.425 MC sample used for the resolved analysis channel in order to 
evaluate systematic uncertainties. The simulation includes the effect of multiple pp colli- 
sions and is weighted to reproduce the observed distribution of the number of collisions per 
bunch crossing. Most of the MC samples are processed through a detector simulation [66] 
based on GEANT4 [67] and reconstructed in the same manner as data. The only exceptions 
are the large PYTHIA samples that are used for the resolved channel background studies. 
Due to the very large number of events that are required for these samples, the jets are 
instead clustered using generator-level particles and their momenta are smeared according 
to the expected jet energy resolution. With the smearing included, these samples were 
shown to reproduce the relevant properties of fully-reconstructed data more precisely than 
is required for this analysis. 

4 Resolved analysis channel 
4.1 Method and event selection 

In the resolved analysis channel, the signal is discriminated from the multijet background 
by exploiting the large transverse momentum, pT, of the jets that are produced in gluino 
decays. The pT of the softest of the leading six jets is used to discriminate the signal from 
the background. In signal events, the energy is distributed relatively uniformly among each 
of the six jets. Consequently, the signal is often characterised by six jets each with large pT, 
whereas in high-px QCD multijet background events at least one of the leading six jets is 
usually produced from soft radiation and is therefore lower in pT- Therefore, six jets with an 
\r]\ < 2.8 are required to pass a certain requirement and the observed number of events 
is compared with expectations. For higher signal masses, the probability of meeting a given 
jet pt requirement increases due to the increased momentum of the decay products. Thus, 
it is expected that lower mass signal models will require a lower p^ threshold than higher- 
mass signal models. An optimisation procedure that takes into account both statistical 
and systematic uncertainties is performed to define the pT requirements which provide the 
best expected limits in the absence of signal. The px selection is optimised separately 
for each generated gluino mass point and three signal regions are chosen. A threshold of 
Pt > 80 GeV is chosen for the rrig = 100 GeV gluino mass point, pT > 120 GeV for the 
nig = 200, 300 GeV gluino mass points, and pT > 160 GeV for all higher gluino mass 
points. 

Several triggers are used to select events for the signal and control regions studied 
for this analysis channel. In each case, the triggers are intended to select jets with at 
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least 30 GeV of transverse momentum. This selection has an efficiency greater than yyyo 
for events in the signal region. A trigger requiring five of these jets was available without 
prescale during most of the 2011 data taking and is required for events in the signal regions. 
The interval in which a prescale was active represented less than 1% of the total data- 
taking period, and the integrated luminosity that is determined in this paper is corrected 
to account for lost events. For background estimation from lower jet-multiplicity control 
regions, triggers requiring only three (four) of these jets are used, with average prescale 
factors of 530 (57). For all triggers, corrections for the prescales are applied. 

4.2 Background estimation 

Standard Model multijet production is the dominant background for the resolved analysis 
channel. Other backgrounds were considered, including Vl^+jets, Z+jets, single top, and 
ti production; however they were found to contribute less than 3% to event yields in all 
signal and background control regions. The normalisation of the backgrounds is determined 
starting with the normalisation of data in a control region and using multijet extrapolation 
factors from simulation to convert to the normalisation in the signal regions. Several 
different control regions and different extrapolation methods are studied, each giving results 
consistent with the others. 

In the method that is used for the baseline background determination, normalisations 
are determined starting with the normalisation at lower jet multiplicity in data and then 
using PYTHIA 6 dijet simulation to project into higher jet-multiplicity bins. Such projections 
are performed using the relation: 

j^n-jet _ jyra-jet MC U \\ 

data data j^rin—jet ^ * ^ 

Here "m" represents the number of jets that are required in a control region, which 
are then projected to determine the predicted yield when "n" jets are required. In the 
signal region n > 6 is required. Before performing the final estimation in the signal region, 
however, the background modelling is first tested by projecting from m = 3 and m = 4 
into the signal-depleted n = 5 bin. These results are summarised in figure 1. It is seen 
that the data agree well with background expectations in both cases. In addition to using 
eq. (4.1), alternative projections are considered in which the simulation is used to project 
from a lower jet-pT requirement to a higher jet-px requirement within a given n-jet bin. 
Both of these projection methods are observed to give consistent background predictions. 
By examining the largest of the deviations between the data and the predicted background 
in the n = 5 bin of the data under the jet multiplicity-based extrapolations and the jet 
PT-based extrapolation, a systematic uncertainty on the background estimation is chosen. 
This systematic uncertainty varies between roughly 15% of the background normalization 
for loose jet px cuts and 25% of the background normalization for tight jet pT cuts. 

The background in the signal region is determined by using eq. (4.1) to project from 
a 3-jet control region in data into the > 6-jet bin. This particular projection was chosen 
because it proved to be the least sensitive to biases from signal contamination in the control 
region. Projections from the 4-jet bin or from within the > 6-jet bin from a lower jet 
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requirement predict compatible results within uncertainties. The full predicted background 
and data distributions are overlaid in figure 2 along with the predictions from a variety 
of simulated signal samples. It can be seen that the data agree well with background 
expectations within uncertainties. 

4.3 Systematic uncertainties 

As discussed in section 4.2, the background normalisation systematic uncertainty is chosen 
to cover the largest discrepancy between data and expectations determined by using the 
simulation to project into the five-jet bin from control regions of lower jet multiplicity or 
lower jet transverse momentum. Since this uncertainty is determined directly from compar- 
ison to the data, it is considered to cover all systematic uncertainties on the extrapolation 
factor of eq. (4.1). Cross-checks are run where the simulation is varied within jet energy 
uncertainties, and variations are found to be well within the uncertainties determined from 
the data. In addition to the systematic uncertainty on the background there are also statis- 
tical uncertainties. These uncertainties come both from data statistical uncertainties in the 
control region from which the projection begins, and from the statistical uncertainties in 
the simulation that is used to perform the projection. When projecting into the low jet-pT 
signal regions that are used in the search for gluino masses below 400 GeV, the systematic 
uncertainty is much larger than the statistical uncertainty, while when searching for higher 
signal masses with a tighter jet-px requirement the statistical uncertainties are larger than 
the systematic uncertainties. Finally, the systematic uncertainty on potential signal con- 
tamination in the background control regions is considered. This systematic uncertainty is 
evaluated by injecting signal into the data control regions and repeating the background 
evaluation. The resulting shift in the background is taken as a systematic uncertainty on 
the background prediction. The results are shown in table 1. This uncertainty is only 
significant for the very low mass gluino models, as these models have both a very large 
cross-section and predict a significant probability for events to be accepted into the control 
region. 

The effect of simulation modelling uncertainties on the signal acceptance are also eval- 
uated. The most important sources of uncertainty are due to jet energy modelling. The jet 
energy resolution (JER) uncertainty has been determined from studies of dijet collisions in 
the full 2011 dataset [30]. The resulting uncertainties are propagated to this measurement 
by smearing the jet pi by the appropriate values. Similarly, the uncertainty on the signal 
acceptance due to jet energy scale (JES) uncertainties is also evaluated by shifting all jet 
energies coherently. The lower the acceptance of the signal for a given set of selection re- 
quirements, the larger the impact of the jet energy scale and resolution uncertainties on the 
analysis. Depending on the mass point, the JES uncertainty affects the signal acceptance 
by between 20% and 30%, while the effect of the JER uncertainty varies between 5% and 
15%. 

Systematic uncertainties on the theoretical modelling of the signal properties are also 
considered. Systematic uncertainties due to theoretical predictions of the inclusive signal 
cross-section are taken from an envelope of cross-section predictions using different parton 
distribution function sets and factorisation and renormalisation scales as discussed in [59]. 
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Figure 1. Predicted event yield in the 5-jet bin is compared with expectations that are determined 
by projecting from lower jet multiplicity. The horizontal axis represents the pt selection that 
is applied when counting jets, and the vertical axis represents the number of events that have 
exactly five jets with a pT above this threshold. Such comparisons are used to assign a systematic 
uncertainty to the background normalisation, which is shown as the shaded green band of the ratio 
plot. The same relative normalisation systematic uncertainty is applied on the background in the 
signal region. 
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Figure 2. Data and the baseline background prediction along with three example signal distri- 
butions in the signal region (n > 6). Background uncertainties include statistical and systematic 
effects. 
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While the inclusive cross-section is determined at NLL+NLO, the probability for collision 
events to pass selection requirements ("acceptance") cannot be determined in such an 
accurate manner, so a more conservative systematic estimation is applied. The simulated 
signal samples use the CTEQ6L1 PDF set [68, 69]. To determine systematic uncertainties, 
the signal simulation is reweighted on an event-by-event basis according to the probability 
for alternative PDFs to produce the generated collision as determined by LHAPDF [70] . It 
is observed that CTEQ6L1 predicts a lower acceptance for the signal than is predicted by 
most other PDF sets. A much larger acceptance is predicted by the NNPDF2.0 [71, 72] set, 
while the MSTW20081o PDF set [73, 74] predicts an acceptance that is roughly halfway 
between these two extremes. The MSTW20081o PDF set has the additional advantage 
of being determined at LO (which is appropriate for the simulation). The MSTW20081o 
PDF set is therefore chosen for the nominal acceptance for the signal samples. Systematic 
uncertainties are chosen to cover the full difference to the predictions of the acceptance 
from both the CTEQ6L1 and the NNPDF20 PDF sets, and are added in quadrature to 
the (smaller) acceptance systematic uncertainties that are determined according to the 
standard MSTW20081o prescription. The final signal acceptance uncertainty from PDFs 
varies between roughly 2% and 5%, depending on the signal region. 

Systematic uncertainties on the signal acceptance from QCD radiation are not consid- 
ered. The reason for this choice is that there is no SM process that contains a colour flow 
similar to the signal in this analysis due to the presence of colour-epsilon tensors involved 
in the RPV vertex [75]. As a consequence, the theoretical understanding of the QCD radi- 
ation is less developed than for most other processes, and no clear prescription is available 
for determining the associated uncertainties. Further, it is important to make these results 
available in a way that allows them to be applied to six-parton models that may have a 
different colour flow. The modelling of colour flow and radiation in the signal samples is 
therefore considered to be part of the model that is analysed in this paper. When reinter- 
preting the results for other models, it is therefore necessary to account for any differences 
in colour flow that may arise. 

Other sources of systematic uncertainty are relatively minor. A systematic uncertainty 
of 3.9% is included for the integrated luminosity. Since the jet requirements are strict, 
the number of events which fail the trigger requirement but pass all other analysis re- 
quirements is less than 1%. Trigger efficiency systematic uncertainties are therefore also 
negligible. Similarly, a bias may be present in the background projection factor due to the 
assumption that all backgrounds are from direct multijet production, when in fact back- 
grounds such as top-quark and VF+jets production are also present. As already explained 
above, these backgrounds are small enough to ignore safely. 

A summary of the expected signal and background events along with the observed data 
is shown in table 1. The systematic uncertainties on the signal are reported separately for 
each dominant component in table 2. 
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Table 1. Number of events expected for the background and signal for each of the models in the 
resolved gluino search along with the number of observed events. Most of the uncertainties on the 
background and signal models are included in columns four and six. The one exception is the bias 
of the background normalization that results from signal contamination in the background control 
regions. The fractional bias resulting from this effect is shown in the fifth column. 
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Table 2. Largest relative systematic uncertainties (in %) on the signal acceptance for the resolved 
analysis at each gluino mass point. Please note that the values of these uncertainties do not evolve 
in a fully continuous way because the selection cuts are tighter for the higher mass points. In 
general, tightening the selection cuts raises these uncertainties while going to a higher mass value 
for a given selection cut lowers them. 



5 Boosted analysis channel 
5.1 Method and event selection 

A complementary method is adopted for the search in the low gluino mass region wherein 
gluinos may be produced with a large boost (px ^ 2 x nig). In such a topology, the 
three quarks from each gluino decay can be very collimated and therefore reconstructed 
as a single large-radius jet with a distance parameter oi R = 1.0. The advantage of this 
method is that the single-jet invariant mass and properties of the internal structure of such 
a jet provide discriminants against the large SM multijet background. The signal region 
definition is approximately orthogonal to that of the resolved channel described above and 
carries nearly independent experimental systematic uncertainties. As a result, the boosted 
technique provides not only a well-motivated cross-check for a challenging all-hadronic 
search, but it also establishes the use of jet substructure with boosted objects for future 
SUSY searches. 

Events are selected using either a high pT single jet trigger (px > 240 GeV) or a 



- 10 - 



slightly lower pT single jet trigger (px > 100 GeV) with an additional requirement on 
the total summed pT of jets reconstructed in the trigger system. The offline jet selection 
{pt > 350 GeV or > 200 GeV, for the two trigger options) is based on anti-fc^ jets with a 
radius R = 1.0 in order to maximise the efficiency for moderately boosted massive gluinos. 
For the complete offline selection criteria, including the requirement on the jet multiplicity 
described below (see table 3), the inefficiency of the trigger for the boosted gluino signal 
is less than 1%. Jets are found using the same locally calibrated topo-clusters described 
in section 4.1. The energy of the resulting large- jets is calibrated with a MC-derived 
calibration factor [65] that is dependent on the uncalibrated jet j?t and rj. In addition to 
the energy calibration, a mass calibration is applied that accounts for differences between 
the particle- and reconstructed-level jet invariant mass observed in MC simulation. The 
energy and mass scale uncertainties of the calibrated jets are determined using in situ 
measurements of inclusive jet samples and are found to be approximately 4% and 5%, 
respectively. 

In order to provide discrimination against multijet events containing jets with a large 
mass, we use a jet shape variable that is sensitive to the A^-body structure expected from 
a jet containing the three decay products of a light gluino. The 'W-subjettiness" variables 
Tjy [76, 77] provide this sensitivity as they relate to the subjet multiplicity on a jet-by-jet 
basis. The tat variables are calculated by re-clustering all of the topo-cluster constituents of 
the jet with the exclusive kt algorithm [78] and requiring subjets to be found. These N 
subjets define axes within the jet, around which the jet constituents may be concentrated. 
The variables r^r are defined in eq. (5.1) as the sum over all constituents (k) of the jet: 



where R is the jet radius parameter in the jet algorithm, pxfc is the pT of constituent k and 
6Rik is the distance from the subjet i to constituent k. Using this definition, rjv charac- 
terises how well a jet can be described as containing N or fewer kt subjets. Constituents 
localised near the axes of the subjets will result in a relatively smaller value of tat, thereby 
categorizing such a jet as likely to be comprised of at most N subjets. The ratio T3/T2, 
written also as is used to provide discrimination between jets formed from the parton 
shower of light quarks or gluons and jets containing three hadronic decay products from 
boosted gluinos. A value T32 — 1 corresponds to a jet that is very well described by two 
subjets and T32 — implies a jet that is much better described by three subjets than one or 
two. The distribution of T32 for signal and background MC events, as well as that observed 
in the data, is shown in figure 3 in section 5.3. 

Following the jet reconstruction, and after the calculation of T32, the trimming algo- 
rithm [79] is used to remove soft energy depositions from the jet that can degrade the jet 
properties in the presence of pile-up or significant underlying event contamination. The 
procedure uses the inclusive kt algorithm [80] to create subjets of size Rsuh = 0.3 from 
the constituents of a jet. Any subjets with PTi/Pr^ < /cut are removed, where pxi is the 
transverse momentum of the i*'' subjet, and /cut = 0.05 is determined to be an optimal 
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(c) Signal region 2 preselection 



(d) Signal region 2 



Figure 3. In the lower mass signal region (SRI), the distributions of (a) jet T32 for the two leading 
jets in each event with m^°*^ > 60 GeV and (b) jet mass (m'^i and m'^^) for jets with T32 < 0.7 are 
shown for the data, the signal rrig = 100 GeV, and the background MCs for comparison. In the 
higher mass signal region (SR2), the same distributions of (c) T32 and (d) jet mass are shown, but 
in this case for rug = 300 GeV. In each case, the data are compared to the two MC models used to 
estimate the correlation correction factor, a, for the background extrapolation. 



setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining 
constituents form the trimmed jet. The invariant mass of these large-i?, trimmed jets is 
then calculated from the energies and momenta of the constituents contained within the 
jet after the trimming procedure. 

Events containing pair produced boosted gluinos that decay into three coUimated 
quarks are characterised by the presence of two massive large- i? jets that each contain sub- 
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structure representative of a massive three-body decay. The substructure "tag" is defined 
by T32 < 0.7 which has been determined by optimising the selection based on the signal-to- 
background ratio expected from MC simulation studies. The efficacy and MC modelling of 
this approach has been validated using events containing high-pT pair produced top quarks 
with one top quark decaying leptonically and the second decaying hadronically [65]. The 
invariant mass of single large- -R jets containing the fully hadronic three-body decay of a 
top quark and the T32 distribution are both well described by the MC simulation in terms 
of shape and rate. 

In addition to the jet-level mass and substructure-based signal discrimination, the 
event-level jet multiplicity using small-radius R = 0.4 jets {N-^^) with p!^^ > 30 GeV also 
provides discrimination power. Events containing highly boosted gluinos are nonetheless 
expected to contain at least four individual small-radius jets due to partial separation 
of the decay products and hard, final-state radiation (FSR). Consequently, both jet-level 
and event-level observables are available for signal and background discrimination. The 
multijet background exhibits a maximum at -^j^t^ = 3, as expected from high-px dijet 
events, whereas the signal peaks near = 4 — 5 due to the multiple hard partons in the 
final state including FSR. The event-level selection > 4 is chosen as a result of this 
observation. 



Selection 


Baseline Selection 


SRI 


SR2 


Small- i2 {R = 0.4) jet p!^^ 
Large- i? {R = 1.0) jet p!^^ 

Scalar sum X]i=? 


p^T* > 30 GeV 
j^^^ > 200 GeV 

(-) 


p^T* > 30 GeV 
pl^^ > 200 GeV 

600 GeV 


pl^^ > 30 GeV 
> 350 GeV 

(-) 


Small- i? jet multiplicity 
Large- -R jet multiplicity 


(-) 
iVjct > 2 


A^f > 4 

iVjet > 2 


iVjet > 2 


Large- jet mass 
Large- i? jet T32 


(-) 
(-) 


T32 < 0.7 


tti^jIj^ > 140 GeV 
T32 < 0.7 



Table 3. Baseline and signal selection criteria at both the event-level and jet-level for signal region 
one (SRI) and two (SR2). 



Table 3 presents the baseline event and object selections, as well as the additional 
selection criteria that define the signal regions studied for the analysis. The signal region 
(SR) optimised for lower mass (SRI) requires a lower jet threshold and includes an 
additional requirement on the total scalar sum of jet momenta using the four leading small- 

radius jets (X^jii' Pri)- table 3, the "leading" jet refers to both the first (Ji) and 
the second ( J2) large- jets in the event, ordered according to pl^^. The higher mass signal 
region (SR2) only requires a high-px leading large- i? jet in the event with p!^^ > 350 GeV, 
and is optimised for signal models with rrig > 200 GeV. 
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5.2 Background estimation 

Standard Model multijet production is the dominant background in this approach. The 
backgrounds in the signal regions described above are estimated using an "ABCD method" 
wherein event yields in orthogonal control regions are used to predict the total number of 
events expected in the signal region. The control region definitions rely on the inversion 
of the signal region selection criteria which are defined in table 3. In particular, inclu- 
sive events and events with low are used to assess the description of the mass and 
substructure observables for high-mass large- i? jets. 

Three primary control regions {CH-A, B,C) are used to estimate the background. 
The selections applied are summarised in table 4. Control region A (CJi-A) is comprised of 
low-mass jets (m^^^ < 60 GeV or m-''^* < 140 GeV, for SRI and SR2, respectively) with no 
substructure criteria applied, CK-B contains a single high-mass leading jet (mJ*"* > 60 GeV 
or m^^^ > 140 GeV), and a low-mass subleading jet {m^^^ < 60 GeV or m^^^ < 140 GeV). In 
addition, the leading jet in CR-B has a substructure tag (T32 < 0.7), and CR-C is defined 
in a very similar way to CR-B, but where the subleading jet is massive and contains a 
substructure tag, whereas the leading jet is required to have a low mass. 



Region 


Jet (Ji) selections 


Jet (J2) selections 


Description 


CR-^ 


m^^^ < Mthreshold 


mJ'^* < A/threshold 


Low-mass jets, 

to validate T32 shape 


CR-B 


mJ^* > Mthreshold 

T32 < 0.7 


77j,jct ^ Mthreshold 


Signal-like leading jet, 
to validate m^*^* 


CR-C 


77T,jet ^ Mthreshold 


mJ°* > Mthreshold 

T32 < 0.7 


Signal-like subleading 
jet, to validate m^'^^ 



Table 4. Definition and description of the four primary control regions used to estimate the 
backgrounds using the ABCD method. A/throshoid = 60 (140) GeV for SRI (SR2). 

The background estimation is designed to be performed directly from the data with 
minimal input from multijet MC simulation. First, the normalisation for the leading large- 
R jet mass distribution is obtained using orthogonal control regions by computing the 
ratio of the number of events in CR-B to CR-^, multiplied by the number of events in 
CR-C, as given in eq. (5.2). Second, a correlation correction factor, a, defined in eq. (5.3), 
is necessary to properly handle correlations between the signal region and control region 
estimates. This correlation correction factor is evaluated from POWHEG-I-PYTHIA MC samples 
in order to avoid potential signal contamination. 



NSR 



X a 



(5.2) 



a 



f Nsr/Ncr-c 

\NcR-B I VcR-A 



(5.3) 



MC 
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This effect and modelling of the leading jet-mass correlations are studied using the 
baseline event selection (i.e. no selection on N^^, or via the correlation coefficient^, p. 
A slightly larger correlation between the two leading jet masses is present in data (1.05%) 
than predicted by the PDWHEG+PYTHIA MC samples (0.2%), as shown in figures 4(a) and 
4(b). However, when restricting the mass range to m^^^ > 100 GeV, as in figures 4(c) 
and 4(d), the correlation coefficient is observed to be 10.1% (10.9%) in data (MC). Given 
this relatively good agreement, a prediction for a is made using the POWHEG+PYTHIA MC 
samples. 

The expected background in the signal regions as determined from the ABCD method 
described above, as well as the observed event yields and the predicted signal yield for 
the two low-mass gluino models, are summarised in table 5. The systematic uncertainties 
on the background prediction and the expected signal yield described in section 5.3 are 
included in table 5. 



Model {rrig) 


M:hreshold 


Data 


Background 


Signal Bias [%] 


Signal 


100 GeV 


60 GeV 


40683 


42400 ± 9700 


65 


77900 ± 16000 


200 GeV 


140 GeV 


1059 


860 ± 460 


31 


2400 ± 670 


300 GeV 


140 GeV 


1059 


860 ± 460 


9 


590 ± 55 



Table 5. Number of events expected for the background and signal for each of the models in the 
boosted gluino search along with the amount of observed data. The uncertainties on the background 
prediction and the expected signal yield are included. The bias of the background normalization 
that results from signal contamination in the background control regions is shown separately in the 
fifth column. 



5.3 Systematic uncertainties 

The primary systematic uncertainties affecting this analysis are those related to the kine- 
matic scales of the jets used to define the signal regions (mass and px) as well as those 
that affect the background estimation method. The systematic uncertainties on the mea- 
surement of the jet mass and are evaluated using inclusive jet measurements, as well as 
samples enriched in boosted W bosons and top quarks [65]. For the large- jets used in 
this analysis, the typical jet mass scale uncertainties are approximately 5%, whereas the 
energy scale uncertainties are approximately 4%. These impact the jet mass distribution 
and the correlation correction factor, a, used to extrapolate the background estimates from 
the control region into the signal region. 

The difference between a evaluated using POWHEG+PYTHIA as compared to PYTHIA is 
symmetrised and taken as a systematic uncertainty. Furthermore, additional systematic 
uncertainties on the determination of a itself are evaluated using the POWHEG+PYTHIA MC 
samples by varying the jet energy and mass scales. These variations are performed in each 

^The correlation coefficient, p, is calculated from the covariance of the two observables, 
m''^ and m''^ , and the root-mean-square (RMS) of each observable using the expression p = 
cov(m"'i , m"'^)/ [RMS{m-'^) x RMS{m-'^)] . A value p = indicates no correlation. 
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ATLAS Data\'s = 7TeV ATLAS powheg+pythia 




(a) Data (b) POWHEG+PYTHIA 



ATLAS Datai^ = 7TeV ATLAS POWHEG+PYTHIA 




(c) Data, mj°* > 100 GeV (d) POWHEG+PYTHIA, m'"^ > 100 GeV 



Figure 4. Distributions of the first leading and subleading (in p!^ ) jet masses from which the 
correlation coefficients (p) are determined in (a) data (p = 1.05%), (b) POWHEG+PYTHIA MC samples 
(p = 0.2%), (c) data with mJ^' > 100 GeV (p = 10.1%), and (d) POWHEG+PYTHIA MC samples with 
toJ'^' > 100 GeV (p = 10.9%). 

signal region and control region separately. The energy scale is considered as uncorrelated 
with the mass scale, whereas the two are each considered as correlated between the leading 
and subleading jets in the event. The impact on the determination of a is: 

amj<=t>60 GeV = 0.54 ± 0.05 (stat.) ± 0.03 (syst.) ± 0.08 (MC syst.) 
"mj<=t>i40 GeV = 0.27 ± 0.04 (stat.) ± 0.03 (syst.) ± 0.08 (MC syst.) 

where the systematic uncertainty due to the jet energy and mass scales is separated from the 
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systematic uncertainty due to the MC comparisons between PYTHIA and POWHEG+PYTHIA. 
The impact of contamination due to pair produced top quarks contaminating the signal or 
control regions has been explicitly evaluated and is observed to be less than 5% (10%) for 
the low (high) gluino mass signal region, which is to be compared to an overall systematic 
uncertainty of 23% (53%). 

The impact of the kinematic scale variations and effect of PDF set variations on the 
signal acceptance are assessed as systematic uncertainties on the signal yield for each gluino 
mass hypothesis. The systematic uncertainty on the signal acceptance due to the PDF set 
variation is evaluated independently for the boosted topology selection in the same manner 
as described in section 4.3 since there is the potential that the two selections are affected 
differently. Table 6 summarises the systematic uncertainties on the signal yield that are 
included in the final results. 



Source 


m-g = 100 GeV 


m-g = 200 GeV 


m-g = 300 GeV 


Jet energy scale (JES) 


+8.7/ - 6.4 


+10/ - 8.9 


+5.8/ - 5.5 


Jet mass scale (JMS) 


<1 


+15/ - 4.2 


+4.7/ -4.7 


Total JES+JMS 


+8.7/ - 6.4 


+18/ - 9.8 


+7.5/ - 7.2 


PDFs 


+5.1/ - 2.1 


+2.3/ -3.0 


+4.0/ - 4.0 


MC statistics 


18 


22 


4.1 


Total 


+21/ - 19 


+28/ - 24 


+9.4/ - 9.2 



Table 6. Largest relative systematic uncertainties (in %) on the signal acceptance for the boosted 
analysis. 

The T32 distribution for the two leading jets in each event with m^'^^ > 60 GeV and 
TTjjet y ]^4Q QgV, as well as the mass distribution for leading and subleading jets (m"^i and 
m^^) with r32 < 0.7, are shown in figure 3. In each case the use of the tz2 observable im- 
proves the signal-to-background ratio by approximately a factor of 3.5. This improvement 
is not quite as large as that expected from studies of boosted top quarks [79, 82] due to 
the relatively soft requirement on the gluino and the different colour structure of the 
final state. After the T32 selection, the trimmed jet mass distributions for the two gluino 
mass hypotheses shown in figure 3 provide considerable discrimination from the SM QCD 
multijet background, which is characterised by a smoothly falling distribution. 

6 Results 

Since no excess is observed in data in either analysis channel, a limit-setting procedure is 
performed. A profile likelihood ratio combining Poisson probabilities for signal and back- 
ground is computed to determine the confidence level for consistency of the data with 
the signal-plus-background hypothesis (CL^+b). A similar calculation is performed for the 
background-only hypothesis only (CL;,). From the ratio of these two quantities, the confi- 
dence level for the presence of signal (CL^) is determined [83]. Systematic uncertainties are 
treated via nuisance parameters assuming Gaussian distributions. The resulting expected 
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and observed limits for each analysis channel are shown in figures 5 and 6. Mass limits are 
determined by comparing the observed and expected cross-section limits with the lower 
edge of the ±1(T uncertainty band around the theoretical NLO+NLL cross-section predic- 
tion. This cross-section and the relevant acceptances for signal events to meet analysis 
requirements are summarized in table 7. The boosted approach is sensitive to the low 
gluino mass region where gluinos may be produced with transverse momenta significantly 
greater than their mass. At the 95% confidence level, this approach is able to exclude gluino 
masses nig < 255 GeV, as compared to an expected lower limit on the allowed gluino mass 
of 269 GeV. Using the resolved approach, the observed lower limit on the allowed gluino 
mass is 666 GeV, whereas the expected limit is 639 GeV. It should be emphasized that 
the main systematic uncertainties on the background prediction are different for the two 
analyses, and the selected event samples are almost orthogonal to one another (less than 
8% overlap) in both the signal and the control regions of the two analyses. The results of 
the two analysis channels are therefore almost completely uncorrelated. 

The resolved approach maintains a significant sensitivity even at large gluino masses, 
as expected. The sensitivity is still comparatively better than that of the boosted selection 
at low masses, despite the low mass region being the focus of the latter approach. This 
difference is primarily due to the high signal purity in the low-mass signal region for the 
resolved analysis, as well as the larger potential signal contamination of the background 
estimation for the boosted selection. 

One must bear in mind that these limits are appropriate for the particular model that 
we have chosen in which the gluinos decay via off-shell squarks, and for the particular 
showering scheme that has been chosen. As discussed previously, since colour-flows are not 
well-understood in this final state and may be substantially different for other models, we 
do not include showering uncertainties in these results. Any differences in such modeling 
characteristics must be accounted for when reinterpreting these results. 



Model K) a^t^^Mpb] 



100 GeV 
200 GeV 
300 GeV 
400 GeV 
500 GeV 
600 GeV 
800 GeV 



18700 
584 
57.6 
9.61 
2.13 
0.574 
0.0572 




Acceptance (%) 



Resolved 
0.098 
0.094 
0.451 
0.210 
0.565 
1.30 
5.73 



Boosted 
0.077 
0.070 
0.182 



Table 7. Cross-sections and acceptances for each of the signal samples used in the analysis. The 
trends in the acceptances are sometimes discontinuous due to the different signal regions that were 
chosen when optimising for different masses. 
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Figure 5. The expected and observed 95% confidence limits are shown for the resolved analyses 
channel. The published CMS results using 35 pb~^ of 2010 data and usine 5 fb"^ of 2011 data are 
shown for comparison. 
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Figure 6. The expected and observed 95% confidence limits are shown for the boosted analyses 
channel. The published CMS results using 35 pb~^ of 2010 data and usine 5 fb"^ of 2011 data are 
shown for comparison. 
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7 Conclusions 



The results of a search for pair production of heavy particles decaying into six-quark final 
states using two complementary analysis channels are reported. This search is carried out 
using an integrated luminosity of 4.6 fb^"*^ of -^i = 7 TeV pp collisions at the LHC collected 
by the ATLAS detector. In one analysis channel, the mimbcr of events with at least six 
jets satisfying a particular pq; requirement is compared with expectations. In the second 
analysis channel, which is specifically intended to search for low-mass gluinos, a search is 
performed for highly boosted jets in which each gluino deposits its energy entirely within a 
single large radius cone. In each analysis channel, results are observed to be fully consistent 
with the Standard Model. Using an RPV gluino-decay signal as a benchmark model, we 
set the most stringent limits on the model to date. For the resolved analysis channel, in the 
absence of a signal, 95% exclusion limits are expected to exclude the region up to 639 GeV 
and are observed to exclude up to 666 GeV. For the boosted analysis channel, limits are 
expected up to 269 GeV and are observed up to 255 GeV. 
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A.R. Davison'^'^, Y. Davygora^^'', E. Dawe^"^^, I. Dawson^^^, 

R.K. Daya-Ishmukhametova^^, K. De^, R. de Asmundis^"^^, S. De Castro^"^'^"'', 
S. De Cecco^^ J. de Graat'^^ N. De Groot^^^, P. de Jonglo^ C. De La Taille^^^ 
H. De la Torre^°, F. De Lorenzi^^^ l de Mora^\ L. De Nooij^^^, D. De Pedis^^^a^ 

A. De Salvoi32a^ u. De Sanctisi6'^^'i''''S A. De Santoi'^^ J.B. De Vivie De Regiel^^ 

G. De Zorzii32a,i32b^ Dcarnaley'^i , R. Debbe^^, C. Debenedetti^^, B. Dechenaux^^ 

D. V. Dedovich^'^, J. Degenliardt^^o^ j Peso^o, T. Del Pretei22a,i22b^ Delemontex^^, 
M. Deliyergiyev'^'^, A. DeirAcqua^°, L. Dell'Asta^^, M. Delia Pietra^^^^'J', 

D. della Volpe^°2a,i02b^ DeImastro^ P.A. Delsart5^ C. Deluca^°^ S. Demers^^^, 
M. Demichev^^, B. Demirkoz^^-', S.P. Denisov^^^, D. Derendarz^^, J.E. Derkaoui^^^'^, 
F. Derue'''^, P. Dervan'''^, K. Desch^^ E. Dcvctak^"'^, P.O. Deviveiros^°^, A. Dewhurst^^^, 

B. DeWildel'^^ S. Dhaliwall■'^^ R. DhuUipudi^s.™, A. Di Ciaccio^^^a.isab^ l_ Ciaccio^ 

C. Di Donato^°2a,i02b^ ^ Girolamo^o, B. Di Girolamo^o, S. Di Luise^3^'''^34b^ 
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A. Di Mattia^'^^ B. Di Micco^o, R. Di Nardo'^^ A. Di Simone^^Saassb^ ^ j^- g-p-Q20a,20b^ 

M.A. Diaz32a, E.B. Diehl^^ J. Dietrich-^^ T.A. Dietzsch^®^, S. Diglio^^ 

K. Dindar Yagci^°, J. Dingfclder^i, F. Dinut^^a, C. Dionisi^32a,i32b^ p oita^e^^ s. Dita^^^, 

F. Dittus^°, F. Djama^^, T. Djobava^^^, M.A.B. do Vale^^^ A. Do Valle Wemans^^^^'", 

T.K.O. Doan^, M. DobbsS^ D. Dobos^o, E. Dobson^O-", J. Dodd^^, C. Dogliom^^, 

T. Doherty53, Y. Doi^S'*, J. Dolcjsii^e^ i. Dolenc^^, Z. Dolczal^^e^ ^ Dolgoshein^^'*, 

T. Dohmael5^ M. Donadelli^^d, j. Donim^^, J. Dopkc^o, A. Doriaio^a^ a. Dos Anjos^^^^ 

A. Dotti^22a,i22b^ ]^ rp. Dova™, A.D. Doxiadisl°^ A.T. Doyle^^ N. Dressnandt^^o, 

M. Dris^o, J. Dubbert^^ S. Duhe^^, E. Duchovni^^^ G. Duckeck9^ D. Buda^^^, 

A. Dudarev^°, F. Dudziak^^, M. Diihrssen^^, LP. Duerdoth^^, L. Duflot^^^, 
M-A. Dufour^^ L. Dugiiid^^ M. Dunford"'^^^, H. DTiran Yildiz''^, R. Duxficld^''^^ 

M. Dwuznik^^, M. Diiren^^, W.L. Ebcnstcin^'^, J. Ebke^*^, S. Eckwciler^\ K. Edmonds^^ 
W. Edson^, C.A. Edwards'^^ N.C. Edwards^^ W. Ehrenfcld'^^ T. Eifert^-^^^ G. Eigen^^, 
K. Einsweiler^^ E. Eisenhandler^^ T. Ekelof^^^, M. El Kacimii^^c^ M. Ellert^^e^ Elles^ 
F. Eninghaus^\ K. Ellis^^ N. Ellis^^, J. Elmsheuser^^, M. Elsing^o, D. Emeliyanov^^'^, 
R. Engelmann^^^, A. Engl^^, B. Epp^^ J. Erdmann^^, A. Ereditato^^, D. Eriksson^^^^, 
J. Ernst^, M. Ernst^^, J. Ernweini^e, D. Errcdcl6■^ S. Errcde^^^^, E. ErtelS\ 
M. Escalicr"^, H. Esch^^^ q Escobar^^s, X. Espinal Curulli^, B. Esposito''^, 
F. Eticnnc^■^ A.I. Etienvre^^*5, E. Etzion^"''''', D. Evangclakou-'^'^, H. Evans'^", 
L. Fabbri20^'20b^ c. Fabre^^, R.M. Fakhrutdinov^^s^ Falciano^^^a^ Y. Fang^^^, 

M. Fanti^''^'^'^^, A. Farbin^, A. Farilla^^^^, J. Fa^ley^^^ T. Farooque^^^ S. Farrell^6^ 
S.M. Farrington^'^o, P. Farthouat^°, F. Fassi^^^, P. Fassnacht^", D. Fassouliotis^, 

B. Fatholahzadchis^ A. Favareto^^'^'S^^, L. Fayard"^ S. Fazio^^^-STb^ ^1. Fcbbraro^^, 
P. Fedcric^''^^, O.L. Fcdin^^i, W. FedorkoS^ M. Fchling-Kaschek4^ L. Feligioni^^^ 

C. Feng^^'^, E.J. Feng'', A.B. Fenyuk^^®, J. Ferencei^""^^, W. Fernando'^, S. Ferrag^^, 
J. Ferrando^^, V. Ferrara^^, A. Ferrari^^^, P. Ferrari^°^, R. Ferrari^^^^, 

D. E. Ferreira de Lima^^, A. Ferrer^^^, D. Ferrere^^, C. Ferretti^^, 

A. Ferretto Parodi^^'^'^o^, M. Fiascaris3\ F. Fiedler8^ A. Filipcic^^, F. Filthaut^°^, 

M. Fincke-Keeler^^^ M.C.N. Fiolhaisi^^a,/^^ l_ FioriniiST^ A. Firan^^^, G. Fischer^^^ 

M.J. Fishcr^o^ M. Flechl^^ I. Flcckl''^ J. Fleckner^i, P. Fleischmanni^^ 

S. Fleischmann^'^^, T. Flick^'^^ A. Floderus'^^, L.R. Flores Castillo^'^^, M.J. Flowerdew^*^, 

T. Fonseca Martin^^, A. Formica^^^, A. Forti^^, D. Fortin^^^^, D. Fournier^^^, 

A.J. Fowler^^, H. Fox^\ P. Francavilla^^, M. Franchini^o^'^ob^ g. Franchino^^^^'"'^'", 

D. Francisco, T. Frank^^^^ ^ Franklins'^, S. Franz^^, M. Fraternali^^^^'^^^'", S. Fratina^^o^ 

S.T. Frenches, C. Friedrich'^^^ p Friedrich'''^ , R. Froeschl^o, D. Froidevaux^o, J.A. Frost^^, 

C. Fukunaga^s^, E. FuUana Torrcgrosa^o, B.G. Fulsomi'^^^ Fuster^^'^, C. Gabaldon^", 

0. Gabizoni72, t. Gadfort^^, S. Gadomski^^, G. Gagliardi^O'^'S'"^, P. Gagnon^o, 

C. Galea9^ B. Galhardo^^^a^ p.J. Gallasll^ V. Gallo^^ B.J. Gallop^^g^ p Qallus^^s, 
K.K. Gan^o^, Y.S. Gao^''^'-'', A. Gaponenko^^ F. Garberson^^^^ ^ Garcia-Sciveresl^ 
C. Garcfa^s^ J.E. Garcia Navarro^^^, R.W. Gardncr^\ N. Garelli^^, H. Garitaonandial°^ 
V. Garonnc^o, C. Gatti^^, G. Gaudio"^^, B. Gaur^^^, L. Gauthier^^e^ p^ Qj^^2zii32a,i32b^ 

1. L. Gavrilenko^"^, C. Gay^^s, G. Gaycken^^, E.N. Gazis^^, P. Ge^^d, z. Gecse^6^ 
C.N.P. Geei29^ D.A.A. Geertsl°^ Ch. Geich-Gimbel^^ K. Gellerstedt^^^^'^^^*^, 
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C. Gemme^o^, A. Gcmmcll^^ M.H. Genest5^ S. Gentile^32a,i32b^ George^^, 

S. George''®, P. Gerlach^''^, A. Gershon^^^, C. Geweniger^'^'', H. Ghazlane^^^'^, 

N. Ghodbane=^^ B. Giacobbe^o^, S. Giagui32a,i32b^ y GiakoumopouW, 

V. Giangiobbe^^^ F. Gianotti^o, B. Gibbard^^, A. Gibson^ss, S.M. Gibson^o, 

M. Gilchriesel^ D. Gillberg^^, A.R. Gillmani29, D.M. Gingrich^'^ J. Ginzburg^^s^ 

N. Giokaris^, M.P. Giordanii64c^ Giordanoi°2a,i02b^ Giorgi^^ p. Giovannini^^ 

P.P. Giraudi36, D. Giugni^^^, M. Giunta^^, B.K. Gjelsten"'^, L.K. Gladilin^'^, 

C. Glasman^o, J. Glatzer^i, A. Glazov-^^ K.W. Glitzal■^^ G.L. Glonti^^, J.R. Goddard^^ 

J. Godfreyi42^ J. Godlewski^o, M. GoebeF^ T. G6pfert^^ C. GoeringerSi, C. Gossling4^ 

S. Goldfarb^^ T. Gollingi^^ A. Gomesi24a,6^ l g Gomez Fajardo^^^ R. Gongalo^^ 

J. Goncalves Pinto Firmino Da Costa^^, L. Gonella^^, S. Gonzalez dc la Hoz^®^, 

G. Gonzalez Parra^^, M.L. Gonzalez Silva^'', S. Gonzalez-Sevilla^^, J.J. Goodson^^^, 
L. Goossens^", P.A. Gorbounov^^, H.A. Gordon^^, I. Gorelov^^^, G. Gorfine^'''^, 

B. Gorini^o, E. Gorini'^2a,72b^ Gorisek^'^, E. Gornicki^s, A.T. Goshaw^ M. Gosselinkio^ 
M.I. Gostkin^^, I. Gough Eschrich^^a^ Gouighri^^^a^ j) Goujdami^^Sc^ y^ p Goulette^*^, 
A.G. Goussioul=^^ C. Goy^, S. Gozpinar^s, I. Grabowska-Bold3^ P. Grafstrom^o^'^ob^ 
K-J. Grahn^^, E. Gramstad^^''', F. Grancagnolo^^**, S. Grancagnolo^®, V. Grassi-*-^^, 

V. Gratchevi2i, N. Grau3^ H.M. Gray^o, J.A. Gray^^^^ E. Grazianii^'^^, 
O.G. Grcbcnyuk^^-'^, T. Grccnshaw'^'^ , Z.D. Greenwood^^'™, K. Grcgcrscn-^® , I.M. Gregor"^^, 
P. Grenier^^^ J. Griffiths^ N. Grigalashvili®'^, A.A. Grillo^^^ S. Grinsteini^ Ph. Gns^^, 
Y.V. Grishkevich^^, J.-F. Grivazll^ E. Gross^^^^ J. Grosse-Knetter^^, J. Groth-Jensen^^^ 
K. Grybeli^\ D. Guest^^^ C. Guicheney^^^, E. Guido^o^^'^ob^ s. Guindon^^, U. Gul^=^, 
J. Guntlicri25^ ^ Gno^^^, J. Guo^^, P. Gutierrez"\ N. Guttman^^^ O. Gutzwiller^^^ 

C. Guyoti36^ C. Gwenlanii^ C.B. Gwilliam'^^ A. HaaslO^ S. Haas^o, C. Habcrl^ 

H. K. Hadavand^ D.R. Hadleyl^ P. Haefner^i, F. Hahn^o, Z. Hajduk^^, H. Hakobyan^^^ 

D. Hall^i^, K. Hamacheri'^^ P. Hamal^^^, K. Hamano^^^ ^ Hamer^^, A. Hamiltoni^5b,p^ 
S. Hamiltonisi, L. Han^^b^ K. Hanagaki^i^ K. Hanawa^^^, M. Rance^^, C. Handel^\ 

P. Hanke^^^, J.R. Hansen'^®, J.B. Hansen^^ J.D. Hansen^®, P.H. Hansen^®, R Hansson^^^^ 
K. Hara^®*^, T. Harenberg^''^, S. Harkusha^'^, D. Harper^^, R.D. Harrington^®, 
O.M. Harris^^^, J. Hartert^®, F. Hartjcs^°^, T. Haruyama®^, A. Harvey^®, S. Hasegawa^°\ 
Y. Hasegawa^^°, S. Hassani^^®, S. Haug^'^, M. Hauschild^^, R. Hauser^*^, M. Havranek^^ 
CM. Hawkes^^, R.J. Hawkings^o, A.D. Hawkins^^ T. Hayakawa®®, T. Hayashi^^o, 

D. Hayden^®, CP. Hays^^^ H.S. Hayward^^, S.J. Haywood^^g^ g j Head^^ V. Hedberg^^, 
L. Heelan^, S. Heim^^^, B. Heinemann^^, S. Heisterkamp^®, L. Helary^^, C. Heller^^, 

M. Heller^o, S. Hellmani^^^'i^sb^ d. Hellmich^i, C. Helsens^^ R.C.W. Henderson^^ 
M. Henke^^^, A. Henrichs^^®, A.M. Hcnriques Correia^", S. Henrot-Versille^-'^^, 
C. Hensel^"^, T. Henfi^''^, CM. Hernandez^, Y. Hernandez Jimenez^®^, R. Herrberg^®, 
G. Herten^^, R. Hertenberger^s , L. Hervas^o, G.G. Hesketh^^, N.P. Hesseyl°^ 

E. Higon-Rodriguez^®^, J.C HilP^, K.H. Hiller''^ S. Hillert^i, S.J. Hillier^^ 

I. Hinchliffel^ E. Hines^^o, M. Hirose^^®, F. Hirsch''^ D. Hirschbuehll^^ J. Hobbs^^^ 
N. Hod^^^^ M.C Hodgkinson^^s, P. Hodgson^^s, A. Hocckcr^o, M.R. Hocfcrkampio^ 
J. HofFman^o, D. Hoffmann^^^ M. HohlfeldS\ M. Holderi'^\ S.O. Holmgrcni'^®^, 

T. Holy^^'^, J.L. Holzbauer^s, T.M. Hong^^o^ l Hooft van Huysduynen^o^, S. Horner^^^, 
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J-Y. Hostachy^^, S. Hou^^\ A. Hoummada^^^'', J. Howard^^*^, J. Howarth*^^, 1. Hristova^^, 
J. Hrivnacl^^ T. Hryn'ova^ P.J. Rsn^^, S.-C. Rsn^^, D. Hu^^, Z. Hubacek^^T^ 

F. Hubaut^^, F. Huegging^^ A. Huettmann^^^ ^ g Huffman^^^, E.W. Hughes^^ 

G. Hughes^^ M. Huhtinen^^, M. Hurwitz^^, N. Huseynov*^^'^, J. Huston^^, J. Huth^^, 
G. lacobucci^^, G. Iakovidis^°, M. Ibbotson^^, I. Ibragimov^^^ , L. Iconomidou-Fayard^^^, 
J. Idarraga^^^, P. Iengo^°^'^, O. Igonkina^°^, Y. Ikegami^^, M. Ikeno^^, D. Iliadis^^^, 

N. Ilic^5^ T. Ince^s, P. loannou^, M. lodice^^'^^, K. Iordamdou^ V. Ippolitoi32a,i32b^ 
A. Irles Quiles^^'', C. Isaksson^^^, M. Ishino^'', M. Ishitsuka^^'^, R. Ishmukhametov^°^, 

C. Issever^i^, S. Istin^^a^ ^ y lyashin^^s^ ^ Iwanski^^, H. Iwasaki^^^ J.M. Izen^S 
V. Izzo^°2a^ B Jackson^^o^ Jackson^^^, P. Jackson\ M.R. JaekeF, V. Jain^^, 

K. Jakobs^^ S. Jakobsen^e, T. Jakoubek^^s^ J. Jakubck^^^^ D.O. Jammi'^\ D.K. Jana^^\ 

E. Janscn^^, H. Jansen^'', J. Janssen^-*^, A. Jantsch^^, M. Janus'"^, R.C. Jared"^'''^, 

G. Jarlskog^^, L. Jeanty^^, I. Jen-La Plante^^, D. Jennens^^, P. Jenni^'', 

A.E. Loevschall-Jensen36, P. Jez^e, S. Jezequel^ M.K. Jha^o^, H. Ji^^s, w. Ji^^, J. Jia^'^^ 

Y. Jiang^^'', M. Jimenez Belenguer^^, S. Jin^^^, O. Jinnouchi^^^, M.D. Joergensen^^, 

D. JoSe^^, M. Johanseni46a,i46b^ j^.E. Johansson^^^a^ p Johansson^^a, S. Johnert^^^ 
K.A. Johns^ K. Jon-And^^'^'^'^^*'^, G. Jones^^o, R.W.L. Jones^\ T.J. Joncs^^ C. Joram^o, 
P.M. Jorgei24a^ K.D. Joshi82, J. Jovicevici47, T. Jovin^^^, X. Ju^'^^, C.A. Jung''^, 

R.M. Jungst^", V. Jurancki25^ p_ juggeiei^ j^g^^ Rozas^^, S. Kabana^^, M. Kaci^^^, 
A. Kaczmarska^^ P. Kadlecik^^ M. Kado^l^ H. Kagan^^^ M. Kagan^^ 

E. Kajomovitz^^^ S. Kalininl'^^ L.V. Kalinovskaya^^, S. Kama^^^, N. Kanaya^5^ 

M. Kaneda^o, S. Kaneti2^ T. Kanno^^^, V.A. Kantserov^^, J. Kanzaki6^ B. Kaplan^^^, 
A. Kapliy-^^, J. Kaplon^", D. Kar^^, M. Karagounis^^, K. Karakostas^°, M. Karncvskiy"^^, 
V. Kartvclishvili^i, A.N. Karyukhin^^s, L. Kashifi'^3, G. Kasieczka^^"^, R.D. Kass^o^ 

A. Kastanas^"^, M. Kataoka^ Y. Kataoka^^^ E. Katsoufis^°, J. Katzy^^ V. Kaushik'^, 
K. Kawagoe^^, T. Kawamoto^^^, G. Kawamura^^ M.S. Kayll°^ S. Kazama^^^, 

V.A. Kazanin^o^, M.Y. Kazarinov^^, R. Keeler^^a, RT. Keener^^o^ R. Kehoe^°, M. Keil^^, 

G. D. Kekelidzc64, J.S. Keller^^s, M. Kenyon^^ 0. Kepka^^s, N. Kerschen^o, 

B. P. Kersevan^^ S. Kcrstenl^^ K. Kessoku^5^ J. Keung^^^ F. Khalil-zadai\ 

H. Khandanyani'^^aJieb^ Khanov^^^ D. Kharchcnko^^ A. Khodinov^^ A. Khomich^^a^ 

T.J. Khoo^^, G. Khoriauli^^ A. Khoroshilov^'^^, V. Khovanskiy^^, E. Khramov^^, 
J. Khubua^i^, H. Kimi''6a,i46b^ g jj Kim^^o^ Kimura^^\ O. Kind^^ B.T. King^\ 
M. KingS^, R.S.B. King^^^ J. Kirk^^g^ ^ g Kiryunin^^^ T Kishimoto^^ 

D. Kisielewska3^ T. Kitamura^^, T. Kittelmann^^a^ Kiuchi^^o^ ^ Kladiva^'^''^, 

M. Klein'^^ U. Klein^^ K. KleinknechtS\ M. KlemettiS^ A. Klier^^^^ P. Klimeki^ea.web^ 
A. Klimentov^^, R. Klingenberg^^, J. A. Klinger^^, E.B. Klinkby^^, T. Klioutchnikova^^, 
P.F. Klok^o^, S. Klous^°^ E.-E. Kluge^^^, T. Kluge'^^ P. KluitlO^ S. Kluth^^, 

E. Kneringer^i, E.B.F.G. Knoops^^, A. Knue^^, B.R. Ko^^ T. Kobayashi^^s^ M. Kobel^^, 
M. Kocian^^^, P. Kodys^^e^ ^ K6neke^°, A.C. K6nigi°^, S. Koenig^\ L. K6pke^\ 

F. Koetsveldl°^ P. Koevesarki^i , T. Koffas^^, E. Koffemanl°^ L.A. Kogan^l^ 

S. Kohlmann^'^^ F. Kohn^^ Z. Kohout^^T^ rj, Kohriki''^ T. Koi^^'l G.M. Kolachev^o^'*, 
H. Kolanoski^s, V. Kolesnikov^-^, I. Koletsou^^'^, J. Koll^^ A.A. Komar'^^ Y. Komoril^^ 
T. Kondo^^, T. Kono^^'^ A.I. Kononov*^^, R. Konoplich^o^'*', N. Konstantinidis^^, 
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R. Kopclianskyi^^ S. Koperny^^, K. KorcyF, K. Kordas^^"^, A. Kom"^ A. Korol^°^ 

I. Korolkov^^ E.V. Korolkova^^g^ y Korotkov^^s^ q Kortner^^ S. Kortner^^ 

V.V. Kostyukhin^i, S. Kotov'^^ V.M. Kotov^^, A. Kotwal^^ C. Kourkoumelis^ 

V. Kouskoura^^^, A. Koutsman^^Qa^ ^ Kowalewski^^^, T.Z. Kowalski^^, W. Kozanecki^^^^ 

A.S. Kozhin-'^^^, V. Kral-*^^^, V.A. Kramarenko^^, G. Kramberger^^, M.W. Krasny^®, 

A. Krasznahorkay^'^^ , J.K. Kraus^^, S. Kreiss^'^®, F. Krejci"^^'^, J. Kretzschmar '''^ , 

N. Krieger^^, P. Krieger^^^, K. Kroeninger^^, H. Kroha^^, J. Kroll^^'', J. Kroseberg^^, 

J. Krstic^^*^, U. Kruchonak^'^, H. Kriiger^^, T. Kruker^^, N. Krumnack^^, 

Z.V. Krumshteyn^^, M.K. Kruse^^ T. Kubota^^ S. Kuday^*, S. Kuehn^^ A. Kugel^^^ 

T. Kuhl^^ D. Kuhn6\ V. Kukhtin^^, Y. Kulchitsky^o, S. Kuleshov^^b^ q Kummer^^, 

M. Kima^^ J. Kunkle^^o^ ^ Kupco^^s^ jj Kurashige^^ M. Kurata^^". Y.A. Kurochkin^o, 

V. Kusi25^ E.S. Kuwertz^^^ M. Kuze^^^ J. Kvita^''^ R. Kwee^^ A. La Rosa^^ 

L. La Rotonda^^'^'S^b^ l. Labarga^^, J. Labbe^ S. Lablak^^s^^ c. Lacasta^^T^ 

F. Lacavai32a,i32b^ j Lacey^^, H. Lacker^^^ Lacour^^ V.R. Lacuesta^^?^ ^ Ladygin^'^, 
R. Lafaye^, B. Laforge'''^, T. Lagouri^'''^, S. Lai^^, E. Laisne^^, L. Lambourne''"'', 

C.L. Lampen'^, W. Lampl'^, E. Lancon^^e^ u. Landgraf^^ M.P.J. Landon'^^ V.S. Lang^^a, 
C. Lange'^^ A.J. Lankford^^s, F. Lanni^s, K. Lantzsch^^^^ A. Lanza"9% S. Laplace'^^, 

C. Lapoire^^ J.F. Laporte^^*^, T. Lari^^^, A. Larner^^*^, M. Lassmg^°, P. Laurelli'^''', 
V. Lavorini'^^^'^'^^, W. Lavrijscn^''', P. Laycock'^'^ , O. Lc Dortz'^*^, E. Lc Guirriec^^, 

E. Le Menedeu^^^ T. LeCompte^ F. Ledroit-Guillon5-\ H. Lee^^'", J.S.H. Lee^^^ 
S.C. Lee^^S L. Lee^'^^ M. Lefebvre^^^ M. Legendre^=^^ F. Legger^^, C. Leggett^^ 

M. Lehmacher^^ G. Lehmann Miotto^°, A.G. Leister^'''^, M.A.L. Leite^^"*, R. Leitner^^^, 

D. LcUouch^'''^, B. Lemmer^^, V. Lendermann^^^, K.J.C. Leney^"^^^, T. Lenz^°^, 

G. Lcnzcn^'^^, B. Lenzi^^, K. Leonhardt"'"' , S. Lcontsinis^°, F. Lepold^^'', C. Leroy^^, 
J-R. Lessard^^^, C.G. Lester^^, CM. Lester^^^, J. Leveque^, D. Levin^^, L.J. Levinson^^^, 
A. Lewis^i^, G.H. Lewis^^^, A.M. Leyko^i, M. Leyton^^^ B. Li^^^, B. Li^^, H. Li^^s^ 

H. L. Li^i, S. Li^^b,*^ x. Li^^, Z. Liang^^^'", H. Liao^^, B. Liberti^^^^, P. Lichard^^, 
M. Lichtnecker^^, K. Lie^^^, W. Liebig^^, C. Limbach^^, A. Limosani^^, M. Limper^^, 
S.C. Lin^^i'^ F. Lmdcl°^ J.T. Linncmann^^ E. Lipeles^^o^ Lipniackai"^, T.M. Liss^6^ 
D. Lissauer^s, A. Lister^^ A.M. Litke^^^ C. Liu^^, D. Liu^^^, H. Liu^'^, J.B. Uu^"^ , 

L. Liu^^ M. Liu33b, Y. Liu^^b^ Livan^^^'^'^i^'^, S.S.A. Livermore^^^ A. Lleres5^ 
J. Llorente Merino^°, S.L. Lloyd^^ E. Lobodzinska^^, P. Loch'^, W.S. Lockman^^^, 
T. Loddenkoetter^i, F.K. Loebinger^^ A. Loginov^^^, C.W. Loh^^^ T. Lohse^^, 
K. Lohwasser^^, M. Lokajicek^^s^ y p Lombardo^, R.E. Long'''^ L. Lopes^^^^, 

D. Lopez Matcos'"'^, J. Lorenz^®, N. Lorenzo Martinez^^^, M. Losada^^^, P. Loscutoff^^, 

F. Lo Sterzoi32a,i32b^ ^ Losty^^Qa,*^ X. Lon'^\ A. Loums"^, K.F. Loureiro^ss, j. Love^ 
P.A. Love■^^ A.J. Lowe^''^:/, F. Lu^^^, H.J. Lubatti^^^^ C. Luci^32a,i32b^ Lucotte5^ 

A. Ludwig^^, D. Ludwig^2^ L Ludwig^^^ J. Ludwig^^ F. Luehring^o, G. Luijckxio^, 

W. Lukas^\ L. Luminari^^^^, E. Lund^^''', B. Lund-Jensen^^''', B. Lundberg'''^, 

J. Lundberg^^6a,i46b^ q Lundbergi^^'^'^'^^'', J. Lundquist^^, M. Lmigwitz^^ D. Lynn^^, 

E. Lytkcn^^ H. Ma^^, L.L. Ma^^^ G. Maccarrone''^ A. Macchiolo^^ B. Macek^"^, 
J. Machado Miguens^^''^, D. Macina'^°, R. Mackeprang^^, R.J. Madaras"*^^, 

H.J. Maddocks'^S W.F. Mader^"^, R. Maenner^'^^ T. Maeno^^, P. Mattigl^^ S. Mattig^^ 
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L. Magnoni , E. Magradze^'', K. Mahboubi^^, J. Mahlstedt^°^, S. Mahmoud^^, 

G. Mahout^^ C. Maiani^^e, C. Maidantchik^^^, A. Maio^24a,fe^ Majewski^^, 

Y. Makida6^ N. Makovecl^^ P. Mal^=^^, B. Malaescu^^, Pa. Malecki^*^, P. Malecki^^, 

V.P. Maleev^^i^ p Malek5^ U. Mallik^^, D. Malon^, C. Malone^^^, S. Maltezos^^, 

V. Malyshev^^''', S. Malyukov^o, R. Mameghani^^, J. Mamuzic^^^, A. Manabe'^^, 

L. Mandelli^^'", I. Mandic^'', R. Mandryschi*^^ Maneira^^^a^ A. Manfredini^^, 

L. Manhaes de Andrade Filho^^^, J. A. Manjarrcs Ramos-*^"^^, A. Mann^^, 

P.M. Manning^37^ Manousakis-Katsikakis^, B. Mansoulie^^'^ , A. Mapelli^", 

L. Mapelli^o, L. March^^^, J.F. Marchand^^, F. Marchese^^^^'^^^^, G. Marchiori^^, 

M. Marcisovsky^25^ Q p Marino^^^, F. Marroquim^^^, Z. MarshalF, L.F. Marti^^, 

S. Marti-Garciai^^ B. Martin^", B. Martinis, J.P. Martin9^ T.A. Martin^^ 

V.J. Martin"'^, B. Martin dit Latour"^*^, S. Martin-Haugh^'^'^, M. Martinez^^^ 

V. Martinez Outschoorn^'^, A.C. Martyniuk^*^^, M. M arx , F. Marzano , A. Marzin , 

L. Masetti^\ T. Mashimo^^^, R. Mashinistov^^, J. Masik^^^ ^..L. Maslennikov^°^, 

I. Massa2°^'2°^, G. Massaro^"^, N. Massol^, P. Mastrandrea^^^, A. Mastroberardino^^^-^^^, 

T. Masubuchi^^s, P. Matricon^^^ H. Matsunaga^^^, T. Matsushita^^, C. Mattravers^^^'^ 

J. Maurer^^^ g j_ Maxficld■'''^ D.A. Maximov^^^'f , A. Mayne^^g^ Mazinii5\ 

M. Mazur^i, L. Mazzafcrro^^Sa-issb^ Mazzanti*^^^, J. Mc Donald^^, S.P. Mc Kee^^, 

A. McCarni65, r.l. McCarthyi'^^ T.G. McCartlV^, N.A. McCubbin^^s, 

K.W. McFarlane^^'*, J.A. Mcfayden^-^^ G. Mchedlidze^^^, T. Mclaughlan^^ 

S.J. McMahon^^g^ a. McPherson^^^'*^, A. Meade^^, J. Mechnichl°^ M. Mechtel^'^^ 

M. Medinnis'^^, S. Mcclian^^ R. Meera-Lebbai^^\ T. Meguro^^^, S. Mehlhase^^, 

A. Mehta'^3, K. Meier^^^, B. Mcirose''''^, C. Melachrinos^\ B.R. Mellado Garcia^'^^, 

F. Meloni89a.89b^ Mcndoza Navas^^'^, Z. Mengi^^'^", A. Mengarclli^o^-SOb^ Menke^^ 

E. Meoniisi, K.M. Mercurio^^ P. Mermod''^ L. Merolai02a,i02b^ q Meroni^^^, 

F. S. Merritt=^\ H. Merrittl°^ A. Messina^^'^, J. Metcalfe^^, A.S. Mete^^^ C. Meyer8\ 

C. Meyer^i, J-P. Meyer^^^ J. Meyer^'^^, J. Meyer^^, S. MichaF, L. Micu^^^, 
R.P. Middleton^29^ g_ Migas^^, L. Mijovic^^^, G. Mikenberg^^^^ ^ Mikestikova^^s, 

M. Mikuz■^^ D.W. Millcr^i, R.J. MillcrS^ W.J. Mills^^^ C. Mills^^ A. Milov^'^^ 

D. A. Milstcad^'^^^'i'i*^'^, D. Milsteini'^^ A.A. Minaenko^^s, M. Miiiano Moya^^^, 

LA. Minashvili'^'^, A.I. Mincer^"^, B. Mindur^^, M. Mineev*^'', Y. Ming^'^^, L.M. Mir^^, 

G. Mirabelli^^^a^ j Mitrevski^^?^ y a. Mitsou^^^, S. Mitsui6^ P.S. Miyagawa^^^, 
J.U. Mjornmark'^^, T. Moa^^^^'^^^^, V. Moeller^^, K. Monig^^ N. Moser^^, 

S. Mohapatra^^^, W. Mohr^^, R. Moles- Valls^^^, A. Molfetas=^°, J. Monk^^ E. Monnier^^, 

J. Montejo Berlingen^^^ p Monticelli'''°, S. Monzani^o^'^ob^ jl.W. Moore^, 

G.F. Moorhead^'5, C. Mora Herrera""^, A. Moraes^^, N. Morange^^'^, J. Morel^"^, 

G. Morello^'^'^'^^'", D. Moreno^^ M. Moreno Llacer^^?^ p_ Morettini^O'", M. Morgenstern^^, 

M. Morii^'^, A.K. Morley^^, G. Mornacchi^o, J.D. Morris^^, L. Morvajl°^ H.G. Moser^", 

M. Mosidze^^^, J. Moss^°^ R. Mount^^^, E. Mountricha^^'^', S.V. Mouraviev''^'*, 

E. J.W. Moyse^^, F. Mueller^^^, J. Mueller^^a^ Mucllcr^i, T.A. Miiller^^^ T. Mueller^\ 
D. Muenstcrmann-'^°, Y. Munwes^^^, W.J. Murray^^g^ i Mussche^°^, E. Musto^^^^ 

A.G. Myagkovi28, M. Myska^^s^ Nackcnhorst^^, J. Nadal^^ K. Nagai^^o, R. Nagai^^^^, 
K. Nagano^^, A. Nagarkar^^^, Y. Nagasaka^^, M. Nagel^^, A.M. Nairz^^, Y. Nakahama^°, 
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K. Nakamura^^^, T. Nakamura^^^, I. Nakano^-^°, G. Nanava^^, A. Napicr^^^, 

R. Narayan^^^, M. Nash'^'^''^, T. Nattermann^^ T. Naumann^^, G. Navarro^^^, 

H.A. Neal^^ P.Yu. Nechaeva^^, T.J. Neep^^ A. Negri^^^^'i^^*^, G. Negrito, M. NegrinP^, 

S. Nektarijevic^^ A. Nelson^ss^ t.K. Nelson^^^ S. Nemecek^^s, p. Nemethy^o^ 

A. A. Nepomuceno^^^, M. Nessi^°'^, M.S. Neubauer^^^, M. Ncumann^'''^, A. Neusiedl^^ 

R.M. Neves^°s, P. Nevski^^, F.M. Newcomer^^o^ pj^^ Newman^'^, V. Nguyen Thi Hong^^^, 

R.B. Nickerson^-'^^, R. Nicolaidou^'^^, B. Nicquevert^*^, F. Niedercorn-'^^^, J. Nielsen^^'', 

N. Nikiforou^s, A. Nikiforovi^, V. Nikolaenko^^s^ j_ Nikolic- Audit K. Nikolics^'^, 

K. Nikolopoulos^^, H. Nilsen^^, P. Nilsson^ Y. Ninomiyal5^ A. Nisati^^^^, R. Nisius^^ 

T. Nobe^^^, L. Nodulman^, M. Nomachi^^^, I. Nomidis^^^, S. Norberg^^\ M. Nordberg^°, 

P.R. Nortoni29, J. Novakova^'^^ , M. Nozaki^^ L. Nozka^^^ I.M. Nugcnt^^^'^, 

A. -E. Nuncio-Quiroz^^, G. Nunes Hanningcr^®, T. Nunnemann^*^ , E. Nurse''"'', 

B. J. O'Brien^^ D.C. O'Neil^-^^^ V. O'Shea^^ L.B. Oakes^^ E.G. Oakham^^'^ 

H. Oberlack^^, J. Ocariz'^^ A. Ochi^e, S. Oda^^, S. Odaka6^ J. Odier^^, H. Ogren^o, 

A. Oh^^ S.H. Oh^s^ C.C. Ohm^o, T. OhshWOi, W. Okamura^i^^ jj okawa^^, 

Y. Okumura3\ T. Okuyama^^^, A. Olariu^^a, A.G. Olchevski^^, S.A. Olivares Pino^^a^ 

M. 01iveira^24a,/i^ j-,^ Oliveira Damazio^-'^, E. Oliver Garcia^*'^, D. Olivito^^o^ 

A. Olszewski's, J. Olszowska'^, A. Onofrc^^^a.aa^ P.U.E. Onyisi'i, C.J. Oram^^ga^ 

M.J. Orcglia'i, Y. Orcn^-'^-l D. Orcstanoi34a,i34b^ Orlando^2a,72b^ Orlov^o^ 

C. Oropeza Barrera^^ R.S. Orr^^^ B. Osculati^^^'^^'^, R. Ospanov^^o^ q Osuna^^ 
G. Otero y Garzon^^, J.P. Ottersbachl°^ M. Ouchrif^^sd^ ^ Ouellette^^'', 

F. Ould-Saada^^^, A. Ouraou^^e^ q Ouyang^^^, A. Ovcharoval^ M. Owen^^ S. Owen^^^ 
V.E. Ozcan^s*^, N. Ozturk^, A. Pacheco Pages^^, C. Padilla Aranda^^, S. Pagan Griso^^, 
E. Paganisi^^ C. Pahl^^, F. Paige^s, P. Pais^^, K. Pajchel^i''', G. Pab-^^-isgb 
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CP. Palcari''', S. Palestini^o, D. Pallin^^, A. Palma^24a^ j ^ Palmer^^ Y.B. Pan^^^ 

E. Panagiotopoulou^'^, J.G. Panduro Vazquez^^, P. Pani^°^, N. Panikashvili^^, 

S. Panitkin^^, D. Pantea^^^, A. Papadelis^^^^, Th.D. PapadopouIou^°, A. Paramonov^, 

D. Paredes Hernandez^^, W. Park^^'"^, M.A. Parker^^, F. Parodi^^^'™'', J.A. Parsons^^, 
U. Parzefall^^, S. Pashapour^"' , E. Pasqualucci^^^'^, S. Passaggio^°'^, A. Passeri^^^*^, 

F. Pastore^^^'^'i^'^'''*, Fr. Pastore^^ G. Pasztor^9'"^ S. Pataraial■^^ N. Patel^^^, 
J.R. Pater82, g Patricelli^°2^'^°2^, T. Pauly^o, M. Pecsy^'^'^^, S. Pedraza Lopez^^^ 

M.I. Pedraza Morales^'''^, S.V. Peleganchuk^^^, D. Pelikan^''^, H. Peng'^'^'^, B. Penning^^ 

A. Penson^^, J. PenwelF, M. Perantoni^^a^ k. Perez^^'"'', T. Perez Cavalcanti^^ 

E. Perez Codina^^''^, M.T. Perez Garcfa-Estan^^^, V. Perez Reale^^, L. Perini^^^-^^b^ 
H. Pernegger^°, R. Perrino^^*^, P. Perrodo^, V.D. Peshekhonov^*^, K. Peters^°, 

B. A. Petersen^", J. Petersen^o, T.C. Petersen^^, E. Petit^ A. Petridis^^^^ c. Petridou^^^, 
E. Petrolo^^^a^ p pg^j.^(,(,ii34a,i34b^ P) Petscliull'^^ M. Petteni^^^ R. Pezoa^^b, A. PllanS^ 
P.W. Phillips^^g^ Q Piacquadio^o, A. Picazio^^, E. Piccaro'''^ M. Piccinini^o^'^ob^ 

S.M. Piec^^, R. Piegaia^^, D.T. Pignotti^"'', J.E. Pilcher^\ A.D. Pilkington^^, 
J. Pina^24a,6^ Pinamonti^^^'^'i^''^ A. Pinder^^^^ J.L. Pinfold^, B. Pinto^24a^ 

C. Pizio^9^''^9b^ Plamondon^^s, M.-A. Pleier^^, E. Plotnikova^'^, A. Poblaguev^^, 
S. Poddar^s^, F. Podlyski^^, L. Poggioli"^ D. Pohl^i, M. Pohl-^^^, G. Polesello^i'^'^, 
A. Policicchio^'^'^'^'''^, A. Polini^^'', J. Poll'''^, V. Polychronakos^^ , D. Pomeroy^^, 
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K. Pommes^°, L. Pontecorvo^^^'', B.G. Pope^^, G.A. Popeneciu^^'', D.S. Popovic^^'^, 
A. Poppleton^o, X. Portell Bueso^o, G.E. Pospelov^^ S. Pospisil^^^ I.N. Potrap^^ 

C. J. Potteri49, C.T. Potter^i^ G. Poulard^^, J. Poveda^°, V. Pozdnyakov*^^, R. Prabhu^^ 
P. Pralavorio^^, A. Pranko^^, S. Prasad^°, R. Pravahan^^, S. Prell^^, K. Pretzl^'^, 

D. Price^o, J. Price^^, L.E. Price^, D. Prieur^^a^ Primavera^^a^ Prokofiev^°^, 
F. Prokoshin'^^'^, S. Protopopescu^^, J. Proudfoot^, X. Prudcnf^^, M. Przybycien^^, 

H. Przysiczniak^, S. Psoroulas^^, E. Ptacek^-'^'^, E. Pucschcl*^'' , J. Purdham^^, 

M. Purohit25,a6^ p Pu^qHS^ y. Pylypchenko^^ J. Qian^^ A. Quadt^"^, D.R. Quarriel^ 
W.B. Quayle^^3^ F. Quinonez^^^a^ Raas^°^, V. Radeka^^, V. Radescu'^^^ P. Radloff"^, 
F. Ragusa^^^'^'^^, G. Rahall^^ A.M. Rahimi^o", D. Rahm^s, S. RajagopaW^, 
M. Rammcnscc'^*^ , M. Rammcs^''^, A.S. Randle-Conde^*^, K. Randrianarivony^^ , 

F. Rauschcr9^ T.C. Ravc^^ M. Raymond^", A.L. Read^^^ D.M. Rebuzzi^i^^'i^^*^, 

A. Redelbach^'^^, G. Redlinger^^, R. Rccce^^°, K. Reeves'^^, A. Reinsch^^'^, I. Reisinger"^^, 
C. Rembser^°, Z.L. Ren^^^, A. Renaud^^^, M. Rescigno^^^'', S. Resconi^^"*, B. Resende^^^, 
P. Reznicek^^, R. Rezvani^^^, R. Richter^'^, E. Richter-Was^'"^ M. Ridel^^, 
M. Rijpstral°^ M. Rijssenbeek^^^, A. Rimoldi^i^^'ii^^, L. Rinaldi^o^, R.R. Rios^^, 

I. Riu^2^ G. Rivoltella89'^'89b^ p. Rizatdinova^^^^ E. Rizvi^^ S.H. Robertson^^'*^, 
A. Robichaud-Veronneau^^^, D. Robinson^^, J.E.M. Robinson*^^, A. Robson^^, 

J.G. Rocha dc LimalO^ C. Rodai22a,i22b^ ^^^^ pj^g gantos^o, A. Roe^"^, S. Roe^o, 
O. R0hneii^ S. Rollii^\ A. Romamouk'^^ M. Romano^o^'^o'^, G. Romeo^'^, 

E. Romero Adam^^^, N. Rompotis^^^, L. Roos^^, E. Ros^^^, S. Rosati^^^^, K. Rosbach^*^, 
A. Rose^^^, M. Rose'^^, G.A. Rosenbaum^^^, E.I. Rosenberg^^ P.L. Rosendahl^^, 

0. Rosenthali^\ L. Rossclct^^ V. Rossetti^^ E. Rossii32a,i32b^ p p_ possjSOa^ 

M. Rotaru^sa, I. Roth^'^^ J. Rothberg^^s, D. Rousseau^i^ C.R. Royoni^e^ A. Rozanov^^^ 
Y. Rozen^52^ x. Ruan^^a,"/, p. Rubbo^^ I. Rubinskiy42, N. Ruckstuhl^o^ V.I. Rud^^, 
C. Rudolph^'^, G. Rudolph^i, F. Riihr^, A. Ruiz-Martinez''^, L. Rumyantsev^^, 
Z. Rurikova^^, N.A. Rusakovich^^, A. Ruschke^^, J.P. Rutherfoord^, P. Ruzicka^^s^ 
Y.F. Ryabov^^i, M. Rybar^^e, Q. Rybkin^is, N.C. Ryder^^^ A.F. Saavedra^so^ 

1. Sadehi53, H.F-W. Sadrozinski^^T^ p Sadykov^^, F. Safai Tehrami32a^ jj Sakamoto^5^ 

G. Salamanna^^ A. Salamoni^^a^ Saleem"\ D. Salek^^, D. Salihagic^^ 

A. Salnikov^^^^ J. Salt^^^ B.M. Salvachua Ferrando^ D. Salvatore^^^'^^b^ p. Salvatore^^'^, 

A. Salvuccil°^ A. Salzburger^o, D. Sampsonidisi54^ g jj Samset^^^ A. Sanchezi02a,i02b^ 
V. Sanchez Martinez^^T^ jj Sandaker^'', H.G. Sander^^ M.P. Sanders^^, M. SandhofFl^^ 
T. SandovaP, C. Sandoval^^^ R. Sandstroem^^, D.P.C. Sankey^^s, A. Sansoni^^, 

C. Santamarina Rios^^, C. Santoni^^, R. Santonico^^^'^'^^^'^, H. Santos^^^*^, 

I. Santoyo Castillo^'^^, J.G. Saraiva^^*^'^, T. Sarangi^^^, E. Sarkisyan-Grinbaum^, 

B. Sarrazin^i, F. Sarrii22a,i22b^ q Sartisohn^^^ O. Sasaki^s, Y. Sasaki^^s, N. Sasao'^^ 
I. Satsounkevitch^°, G. Sauvage^'*, E. Sauvan^, J.B. Sauvan^^^, P. Savard^^^'^, 

V. Savinov^^a^ p, q. Savu^o, L. Sawyer^^-^^, D.H. Saxon^^, J. Saxon^^o^ q Sbarra^o^, 

A. Sbrizzi20^'20b^ Y).A. Scannicchio^^^ M. ScarccUa^^o, J. Schaarsch^lidtll^ P. Schacht'^^ 

D. Schaeferi20, U. Schafcr'^i, A. Schaelicke'^^ S. Schacpe^^, S. Schactzcl^^^, 

A.C. Schaffe^ll^ D. Schaile9^ R.D. Schambergeri^^ A.G. Schamovio^ V. ScharP^, 
V.A. Schegelsky^2i^ p_ Scheirich^^ M. Schernau^''^^ M.I. Scherzer^^, C. Schiavi^^'^'^'"', 
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J. Schieck9^ M. Schioppa^'^^'^^b^ s. Schlenker^", E. Schmidt^^ K. Schmieden^i, 

C. Schmitt^S S. Schmitt^^'^, B. Schneider^^ U. Schnoor^^ L. Schoeffel^^^ 

A. Schoening^s^, A.L.S. Schorlemmer^^, M. Schott^°, D. Schouten^^^^, J. Schovancova^^^, 

M. Schram^s, C. Schroeder^\ N. Schroer^^c, M.J. Schultens^^, J. Schultes^^^, 

H.-C. Schultz-Coulon^S'^, H. Schulz^^ M. Schumacher4^ B.A. Schummi^^, Ph. Schune^^e^ 

C. Schwanenberger^^, A. Schwartzman-^^^ , Ph. Schwegler^^, Ph. Schwemhng'''^, 

R. Schwienhorst^*, R. Schwierz^^, J. Schwindhng-*^'^^ , T. Schwindt^^, M. Schwoerer^, 

F. G. Sciacca^^ G. Sciolla^^, W.G. Scott^^s, J. Searcy"^ G. Sedov-^^ E. Sedykh^^i, 
S.C. Seidel^o^ A. Seiden^^r^ p Seifert^^, J.M. Seixas^^^, G. Sekhniaidze^^^a^ 

S.J. Sekula^o, K.E. Selbach^^ D.M. SeUverstov^^i^ g Sellden^^^a^ q Sellers^^ 

M. Seman^^^^, N. Scmprini-Cesari^O'^'^ob^ c. SerW^, L. Scrm"'\ L. Scrkm-^\ 

R. Seustcr^ss^, H. Scvcrini"\ A. Sfyrla^o, E. ShabaHna^^ M. Shamim^^^, L.Y. Shan^^*^, 

J.T. Shank22, Q.T. Shao^^ M. Shapirol^ P.B. Shatalov^^ K. Shaw^^'^'^'i^^^ 

D. Sherman^ P. Sherwood^'', S. Shimizu^^^, M. Shimojima^"'^, T. Shin^^, 

M. Shiyakova^'', A. Shmeleva^^, M.J. Shochet3^ D. Short^^^, S. Shrestha^^^, E. Shulga9^ 

M.A. Shupe^ P. Sichoi25, A. Sidoti^^^a^ p Siegert4^ Dj. Sijacki^^a^ o. Silbert^^^ 

J. Silvai24a^ Y. Silveri53, D. Silvcrstcini'^^ S.B. Silversteini^^^a^ simaki^^, 0. Simard^^^^ 

Lj. Simic"'^'^^, S. Simion-'^^^, E. Simioni^-'^ , B. Simmons^'', R. Simoniello^^'^'^^^ , 

M. Simonyan^^, P. Sincrvo^^^, N.B. Sinev^"*^^, V. Sipica^^^, G. Siragusa-^^'^, A. Sircar^'"', 

A.N. Sisakyan^^'*, S.Yu. Sivoklokov^^ J. SjoUni^^^'^''^'^, T.B. Sjursen^S L.A. Skinnaril^ 

H.P. Skottowe^^, K. Skovpen^o^ P. Skubic^^S M. Slatev^^, T. Slavicek^^^, k. Shwa^^S 

V. Smakhtin^^^ B.H. Smart'^^ L. Smestad^^'^, S.Yu. Smirnov^^ Y. Smirnov''^ 

L.N. Smirnova^^ O. Smirnova^^ B.C. Smith^^ D. Smith^-^^ K.M. Smith^^, 

M. Smizanska^^ K. Smoleki^^^ A.A. Snesarcv9^ S.W. Snow^^ J. Snow^ii, S. Snyder^^, 

R. Sobiei69,fc^ j_ Sodomka^^?^ a. Sofferi^a, c.A. Solans^^?^ m. Solari27, J. Solc^^T^ 

E. Yu. Soldatov9^ U. Soldevila^^^ E. Solfaroli Camilloccii32a,i32b^ ^.A. Solodkov^^s, 
O.V. Solovyanovi28^ y. Solovyeyi^i, N. Soni\ A. Sood^s, V. Sopko^^^, b. Sopko^^T^ 
M. Sosebee^, R. Soualahi64a,i64c^ ^ Soukharev^o^ S. Spagnolo^2a,72b^ p Spano^^ 

R. Spighi^o^, G. Spigo^o, R. Spiwoks^o, M. Spousta^^e.ag^ rj. gpreitzer^^s, B. Spurlock^, 
R.D. St. Denis^^ J. Stahlman^^o, R. Stamen^^'^, E. Stanecka^^, R.W. Stanek^ 

C. Stanescui34a^ Stanescu-Bellu^^ M.M. Stanitzki^^ S. Stapnes^^^ 

E.A. Starchenko^^^, J. Stark^^, P. Staroba^^^, P. Starovoitov^^ R. StaszewskP, 

A. Staude^s, P. Stavina^^^^'*, G. Steele^^, P. Stembach4^ P. Sternberg's, I. Stekl^'^, 

B. Stelzer^^^ H.J. Stelzer^^, O. Stelzer-Chiltoni^Sa^ h. Stenzel^^ S. Stern^^, 

G. A. Stewart^o, J.A. Stilhngs'i, M.C. StocktonS^, K. Stoerig^s, G. Stoicea'^^, 

S. Stonjek^^, P. Strachota-^'^ , A.R. Stradhng^, A. Straessner^*^, J. Strandberg^^^, 
S. Strandbergi46a,i46b^ StrandUei^^ M. Strang^o^, E. Strauss^^^ M. Straussii\ 
P. Strizenec^^^^, R. Strohmer^^^, D.M. Strom^^^, J.A. Strong^^'*, R. Stroynowski^°, 
B. Stugul^ I. Stumer'^.*, J. Stupak^^^ P. SturInl^^ N.A. Styles^'^ D.A. Soh^^i'", 

D. Su^^"', HS. Subramania'' , R. Subramaniam'^ , A. Succurro^', Y. Sugaya^^^, C. Suhr^*^^, 
M. Suk^^e, v.V. Suhn9^ S. Sultansoy^''^, T. Sumida^^ X. Sun^^, J.E. Smldcmlann'^^ 

K. Sumhz^^g^ Q Susinno^'^'^'^'^^, M.R. Suttoni^^, Y. Suzuki6^ Y. Suzuki'^^ M. Svatosl2^ 
S. Swedish^^^ I. Sykora^'^''^, T. Sykora^^e^ Sanchez^s^, D. Ta^°^ K. Tackmann^^ 
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A. Taffard^^^ R. Tafirouti^^^, N. Taiblum^^^ Y. Takahashi^oi, H. Takai^^, 

R. Takashima^^ H. Takeda^^ T. Takeshita^''°, Y. Takubo6^ M. Talby^^^ 

A. Talyshev^o^'^, M.C. Tamsett^^, K.G. Tan^^, J. Tanaka^^^ R. Tanakal^^ S. Tanakai=^\ 

S. Tanaka^^, A.J. Tanasijczuk^^^^ Tani^^, N. Tannoury^^, S. Tapprogge^^ D. Tardif^^^, 

S. Taremi52, F. Tarrade^^, G.F. Tartarelli^^'^, R Tas^^e^ ^ Tasevsky^^s^ E Tassi^^^-^^b^ 

Y. Tayalati^^sd^ c. Taylor^^ F.E. Taylor^^, G.N. Taylor^^, W. Taylor^^sb^ 

M. Teinturier-'^^^, F.A. Teischingcr^*^ , M. Teixeira Dias Castanhcira^^, P. Teixeira-Dias ''^ , 

K.K. Temming'^'^, H. Ten Kate^^, P.K. Teng^^i, S. Terada6^ K. Terashi^^^ J. Terron^o, 

M. Testa^'^, R.J. Teuscher^^^'*', J. Therhaag^^, T. Theveneaux-Pelzer^*, S. Thoma^^, 

J.P. Thomas^^, E.N. Thompson^^, P.D. Thompson^^, P.D. Thompson^^^, 

A.S. Thompson5^ L.A. Thomscir'^^, E. Thomson^^o^ Thomson^s, W.M. Thong^^, 

R.P. Thun'^^ F. Tian^^, M.J. Tibbetts^^ T. Tic^^s^ y Q Tikhomirov^^, 

Y.A. Tikhonov^'^^'^, S. Timoshenko^^ , E. Tiouchichinc*^'^, P. Tipton^^^, S. Tisserant®^, 

T. Todorov^ S. Todorova-Nova^6^ B. Toggerson^^s^ j_ Xojo^^ S. Tokar^'^'^^, 

K. Tokushuku^^ K. ToUefson^^, M. Tomoto^°\ L. Tompkins^^ K. Toms^°^, 
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